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Abstract: Dissolved methane coming from its various sources is an important component of seawater.
Finding these probable sources allows for the determination of potential oil and/or gas deposit areas.
From an ecological point of view, methane transport studies can reveal probable pollution areas
on the one hand and biological communities, being the lower part of the food chain commercial
species, on the other hand. Moreover, the methane transport mechanism can help to obtain a better
understanding of the contribution of the World’s oceans to global greenhouse gas emissions. Our
research combines gas geochemistry and oceanography. In comparing the research results of both
branches, we show the mechanism of methane transport. The features of the dissolved methane on
oceanographic sections in the southern part of the Tatar Strait are discussed. The CHy intake from the
bottom sediment and the transport of dissolved methane by the currents in the Tatar Strait are shown.
The absolute maximum concentration of CHy (155.6 nM /L) was observed on the western Sakhalin
Island shelf at the near-bottom layer at a depth of 65 m. The local maximum, 84.4 nM/L, was found
north of the absolute maximum in the jet current under the seasonal pycnocline. A comparison of
the simulated surface seawater origin and dissolved methane in the 4 m depth distribution shows
methane transport with the currents in the Tatar Strait. Another studied section is along 134° E in
the Japan Basin of the Japan (East) Sea. Here, the East Korean Warm Current close to the Yamato
Rise slope and a quasi-stationary mesoscale anticyclonic eddy centered at 41° N intersect. The local
maximum methane concentration of 8.2 nM/L is also observed under the seasonal pycnocline. In a
mesoscale anticyclonic eddy at 134° E in the deep part of the Japan Basin, a local methane maximum
of 5.2 nM/L is detected under the seasonal pycnocline as well.

Keywords: dissolved methane concentration; transport; sea currents; mesoscale eddies; Tatar Strait;
Japan Basin; Japan Sea

1. Introduction

Gas-geochemical methods are widely used to study the oil and gas potential of the
ocean. The methane distribution in the ocean is uneven due to its local endogenous,
biogenic and anthropogenic sources. The foci of its high concentrations in seawater can be
indirect signs of hydrocarbon deposits. In addition, a study of methane sources and the
distribution of this gas in the ocean is important when assessing its entry as a greenhouse
gas into the atmosphere. Russian [1-8] and foreign [6-15] studies have shown many
underwater foci of hydrocarbon discharge, mainly methane-bearing fluids along the slopes
of oceanic basins and shelves. Large pockets of methane and hydrocarbon fluids are
located in the Pacific oil and gas regions [15-21]. The number of detectable natural gas
underwater emissions areas grows annually [1,19,22], including a high variety of gas flows,
new information about the conditions of the occurrence of gas hydrates and new facts
about the relationship between gas flows and seismotectonic activity [4,23-28].

In the eastern Pacific Ocean, one of the most thoroughly studied phenomena is gas
occurrences on the continental slope of Oregon [29]. There are other well-known areas. For
example, in the northern part of the Santa Barbara Canal (CA, USA), there are more than
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1500 concentrated outlets at the bottom, from which hydrocarbon gases and oil are released.
In total, there are about 4000 diverse structures (pockmarks) on the ocean floor within
the underwater California margin [30], which are formed by local flows of thermogenic
natural gas.

In the Atlantic Ocean, more than 30 similar areas with local releases of natural gases
have been found, including abiogenic methane flows in the hydrothermal systems of
the HSZ spreading zone [31]. The most numerous outlets of thermogenic (oil and gas)
hydrocarbon gases in the Atlantic Ocean are found in the Gulf of Mexico. Natural gas
outlets are known near the Azores, in the Gulf of Cadiz (northwestern slope of Spain) [32]
and in other areas. Irrelevant to hydrothermal activity, underwater natural gas outlets are
common within the continental margins at shelf and slope depths [19,33-37].

Areas with natural gas outlets are found within powerful (over 2 km) sedimentary
strata containing various hydrocarbon accumulations, such as oil and gas deposits, gas
hydrates and methane-saturated sediments. A necessary condition for hydrocarbon de-
gassing of such sites is, as a rule, the presence of discontinuous faults [38], additional folded
dislocations and increased seismicity. All these signs are observed in the basins and the
shelf of the Far Eastern Seas slopes [39-45], including the Tatar Strait of the Japan (East)
Sea (JES) [4].

Applying just gas-geochemical methods, one can deal with a geologically limited area.
Our study shows cooperation between gas geochemistry and oceanology. Comparing the
results of a little bit distant science branches gives some new understanding of the methane
transport mechanism. This can be used for wider ocean areas when studying dissolved
methane sources and the distribution and emission of this gas to the atmosphere.

Our study, showing methane transport with currents under the seasonal pycnocline in
the Japan (East) Sea, is verified with described [46,47] methane transport in some parts of
both the Southern and Atlantic Oceans and also with PAU (polluting hydrocarbon matter)
transport under the seasonal pycnocline in the Japan (East) Sea [48].

2. Materials and Methods

The data of gas-geochemical surveys and CTD measurements performed during
marine expeditions on the RV “Academician Oparin” in October 2017, cruise 54 (OP54) and
on the RV “Academician M.A. Lavrentiev”, cruise 85 (LV85) in May 2019 are used [49,50].

During cruise 54 of the RV “Akademik Oparin”, seawater was sampled to estimate the
content of dissolved methane in the 4 m sub-surface sea layer using a flow-through intake
unit (flow-through thermosalinograph SeaBird SBE-45). Seawater was also sampled at
various sea layers with NISKIN bathometers that were closed during the 24-position rosette
up cast. Horizons from the sub-surface sea layer to the bottom were selected according to
the CTD measurement results. During cruise 85 of the RV “Academician M.A. Lavrentiev”,
samples were taken only from the rosette bathometers (Table 1).

Table 1. Materials researched.

Water Samples from Water Samples

Cruise Study Area Flow-Through Intake from Bathometers, Analyst .CTD
. Stations, pcs
Unit, pcs pcs
Tatar Strait, Japan Sea
LV85 22 May-19 June 2019 123 Yatsuk A.V. 17
Tatar Strait, Japan Sea
’ Yatsuk A.V.,
Or54 29 September—-29 407 251 Lifanskiy E.V. 20

October 2017

These surveys are conducted to determine the seawater dissolved methane spatial
distribution, the relationship of this distribution with the heterogeneity of the temperature,
salinity and density and also the current characteristics for a particular season.
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The method of equilibrium concentrations “HeadSpace” [51] was used to analyze the
methane content in all the water samples. The water from the bathometers was placed
into pre-sterilized medical glass bottles with a volume of 68 mL, which were hermetically
sealed with sterile rubber stoppers without atmospheric air access to the bottles. To remove
excess water, needles from a medical syringe were used.

Gas-phase helium was used. The samples were intensively shaken for at least 4 h on
an LS 110 mixing device (Russia), and then the gas was injected into the chromatograph.

The composition of hydrocarbon gases was measured on a “Crystal Lux 4000” gas
chromatograph equipped with one flame ionization detector and two thermal conductivity
detectors. The carrier gas was helium. Certified calibration gas mixtures were used
to calibrate the instruments. The error of this method is less than 5%. The dissolved
seawater methane concentrations were calculated according to the method described
in [52], including a modification described in [53], using the calculated solubility constants
of methane.

Microsoft Excel spreadsheets were used to calculate and systematize the data obtained.
For operational visualization and interpretation of the analyzed gas-geochemical data,
geoinformation applications (ArcGIS 10.4.1, OceanDataView 5.2.1) were used.

The sampling, preparation of the samples and analytical studies were carried out
according to the certified method adopted in the Gas Geochemistry Laboratory of the V.I.
II"ichev Pacific Oceanological Institute (State Standard Certificate No. 58 for the Laboratory
Passport PS 1.051-21).

The average surface seawater methane concentration for the OP54 cruise was 8.8 nM/L,
with a maximum value of 37.2 nM/L and a minimum value of 4.3 nM/L.

The average CHy4 concentration in the water column for cruises OP54 and LV85 was
3.6 nM/L and 21.1 nM/L, respectively, with a minimum of 1.1 nM/L and 3.6 nM/L and a
maximum of 6.6 nM/L and 155.6 nM/L, respectively.

3. Oceanographic Features of the Research Area

The main elements (Figure 1) of the Japan (East) Sea large-scale water circulation
include the cyclonic eddy over the Japan Basin and the main cold and warm currents
indicated in published circulation schemes [54-58].

The cold Primorsky current directed to the south-southwest over the Japan Basin
continental slope, south of Peter the Great Bay, at latitude 42° N, passes into the cold North
Korean Cold Current. Directed from the Korean Strait to the north, the warm East Korean
Current turns to the East around the northern slope of the Yamato Rise and splits into
two branches. One of the branches is directed east into the Sangar Strait, and the second
branch is directed north along the Japan Basin’s eastern slope, carrying the transforming
warm salty subtropical waters into the Tatar Strait. Two branches of the warm Tsushima
Current [58] transfer subtropical waters from the Korean Strait along the Japan Islands shelf
and Yamato Basin slope, respectively, to the Sangar Strait adjacent sea area, where they
merge with the East Korean Current and its extensions into the Sangar and Tatar Straits. In
the cold season, the shelf branch of the Tsushima current is most stacked out, and the slope
branch significantly weakens and degrades north of 39° N.

In the winter, the Cold Liman (Primorsky) Current breaks away from the continental
slope near Peter the Great Bay to the east and reaches the East Korean Warm Current at
the Yamato Rise slope as a separate jet (Figure 1 from [58] (Figure 2)), strengthening the
horizontal gradient of temperature, salinity and density on the subarctic front of the Japan
(East) Sea.

The major currents in the Tatar Strait and their seasonal variability are also shown
in Figure 1. The Cold Liman (Shrenk) Current directs southward along the continental
shelf break all year round, while the West Sakhalin Current changes its direction from the
warm period of the year (northward) to the cold period (southward), which has also been
confirmed by [59], taking into account the seasonal variability of the mesoscale circulation.
In the warm season, the cyclonic mesoscale eddy street is formed over the axis of the Tatar



Water 2023, 15, 821

40f17

I Schematic surface current

Trough between the Liman (Shrenk) and West Sakhalin Currents. In the cold season, in the
Strait usually north of 48° N, the anticyclonic mesoscale eddy street is generated west of
the Sakhalin Current jet, while the cyclonic mesoscale eddy street occurs east of the Liman
Current jet. The northward countercurrent is formed along the strait between the eddy
streets mentioned above [59]. This countercurrent in the near-surface layer is proved by the
northward ice drift under a weak wind in the northern part of the Tatar Strait in winter, as
shown by [60].

Warm Period .

Figure 1. The Japan (East) Sea surface current system in the warm and cold seasons from the
numerical experiment with RIAM OM. Warm period (left) and cold period (right). TWC (Tsushima
Warm Current), LCC-NKCC (Liman Cold Current-North Korean Cold Current), EKWC (East Korean
Warm Current), SPF (Subpolar Front). The figure is from [58].

We present the results of backward-time Lagrangian analyses using simulated RI-
AMOM current velocity fields in the Tatar Strait with the eddy-resolved RIAM Ocean
Model output from 1991 to 2000 (Figure 2 is from [59]).

Figure 2 shows that during the warm season, the West Sakhalin Current transports
subtropical water, shown in yellow, from the southern border of the Tatar Strait to the
north along the western shelf of Sakhalin Island. The Liman (Shrenk) Current carries
water along the western continental shelf break from north to south, shown in pink. The
Lagrangian maps (Figure 2a,b) show the cyclonic eddies street along the axis of the Tatar
Strait (green triangles) and the anticyclonic eddies (red triangles) above the eastern slope of
the Tatar Trough adjacent to the Sakhalin Island shelf. The arrows in Figure 2a,b represent
the simulated flow velocity field at the 15 m level on 5 September 1994.
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Figure 2. (a) The backward-time Lagrangian origin map combined with the D-map on 5 September
1994, shows that in the warm period, the Western Sakhalin Current transports transformed subtropical
water to the north along the western coast of Sakhalin (the “yellow” water in the online version). The
Liman Current transports the water along the western shelf break from the north (the “pink” water
in the online version). (b) The backward-time Lagrangian L-map on the same date demonstrates
the mesoscale anticyclonic eddy, with the center at around 51° N, 141.5° E in the northeastern Tatar
Strait shallows, the anticyclonic eddy street close to the western coast of Sakhalin (the up-oriented
red triangles) and the mesoscale cyclonic eddy street in the central part of the strait between the
Liman and Western Sakhalin Currents (the down-oriented green triangles). The arrows in (a) and
(b) represent the simulated velocity field at 15 m depth on 5 September 1994. (c¢) The map with a
fragment of the track of surface drifter no. 67169 in the summer of 2007. The arrows represent the
AVISO velocity field on 3 September 2007. (Figure is from [59]).

The trajectory of drifter No. 67169 in the near-surface sea layer in the summer of 2007
(Figure 2b) confirms the presence of anticyclonic mesoscale eddies over the eastern slope
of the Tatar Trough. The figure also shows the velocity field of the geostrophic currents
calculated from satellite sea level data (AVISO with a resolution of 1/4° on 3 September
2007) [50,59]. This resolution is not enough to obtain mesoscale eddies in the geostrophic
velocity field in the Tatar Strait.

The backward-time Lagrangian origin map combined with the D-map in 5 September
1994 (Figure 2a) shows the observed southward transport of low salinity water from the
Amur River estuary (Amurskii Liman) and the Nevelskoy Strait mainly along the continen-
tal shelf break and particularly along the Sakhalin Island coast in the Northeastern Tatar
Strait shelf, where the Amur River water is incorporated into the mesoscale anticyclonic
eddy in the latitude band 50°-50°30" N. The dissolved methane concentration observed in
the sub-surface layer (4 m) during the same season and area of the Tatar Strait is shown in
the next paragraph.

4. Results and Discussion

Figure 3 represents the features of the dissolved methane concentration in the near-
surface layer of the Tatar Strait and its sources on the sea bed. The range of the surface
seawater methane concentrations sampled with a flow-through intake unit at the 4 m
horizon was 4.3-37.2 nM/L, with an average value of 8.8 nM/L for cruise 54 of the RV
“Akademik Oparin” in October 2017 (OP54). As shown in Figure 3, the highest CHy
(15-37 nM/L) concentrations are typical for the Sakhalin Island shelf zone.
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Figure 3. Dissolved methane concentration (1) in the sub-surface layer (4 m) of the Tatar Strait from
measurements taken during cruise 54 of the RV “Akademik Oparin”, 29 September to 22 October
2017, and the positions of the gas hydrates (2), the gas flares (3) and the schematic fault lines (4) as
sources of methane entering the water column.

The sources of methane in the Tatar Strait have been investigated, and the data are
presented in international research reports and publications [61-70].

Dissolved or gaseous methane coming from the seabed is transferred to the upper layer
of the water column as a result of diffusion with convective flows, as well as during the
dissolution of pop-up bubbles and gas hydrates [9,20]. The profile of methane concentration
in the water column is generally determined by the mechanisms of its transport and the
characteristics of the currents, as well as methane sources.

Acoustic systems are frequently used to study gas seep sites, as they provide broad
synoptic observations of processes in the water column. Calculation methods have been
developed and applied based on acoustic observations of methane concentrations dissolved
in water due to the dissolution of pop-up bubbles [71-73]. The obtained research results
are consistent with the data of direct measurements of dissolved methane concentrations in
the water column [18,71].

Average and low values are mainly observed over the Strait axis and along the conti-
nental shelf. Such heterogeneity of methane distribution may be related to its predominant
emission from bottom sediments on the Tatar Trough’s eastern slope and the shelf of
Sakhalin Island.

The distribution of the dissolved methane concentration in the near-surface layer could
be associated with endogenous methane sources and a system of multiple-scale circulation
in the Tatar Strait, resulting in methane advection. As shown in Figure 4, the southeastern
Tatar Strait’s waters with a high methane concentration are transported to the north, while
the Liman (Shrenk) Current waters carry a much smaller amount of dissolved CH, from
the north to the south of the western part of the Strait.
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Figure 4. Distribution of the dissolved methane concentration in the sub-surface layer of the Tatar
Strait south of 51° N, superimposed on a combined map of the current velocity vector at the 15 m
level and the Lagrangian origin map on 5 September 1994, from a numerical experiment with the
RIAM model and the Lagrangian map of the water’s origin in the modeled current velocity field
obtained by back in time integration of the Lagrangian equations [59].

Gas hydrates (black triangles in Figure 3), gas torches (green triangles in Figure 3)
and permeability zones located near the areas of influence of tectonic faults (black lines in
Figure 3) are probable sources of methane emission to the water masses in the studied area
of the Tatar Strait. Two zonal CTD and dissolved methane sections were performed along
the parallels 48° and 48.2° N (Figure 5) during the 85th cruise of the RV “Academician M.A.
Lavrentiev” in May 2019. In these sections, samples of seawater were taken from rosette
bathometers, which were closed during measurements at various horizons from the sea
surface to the bottom.
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Figure 5. The research area (a) with the designation of schematic fault lines (3), gas flares (4) and gas
hydrates (5) as sources of methane entering the water column. Rectangle (b) shows sections 1 and 2
marking the CTD measurements and water sampling stations (6) on 21-23 May 2019 during cruise
LV85. The bottom relief is shown by a color scale.
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Section 1 (Figure 6a) shows two near-bottom anomalies of high methane concentra-
tions. One is near the Tatar Strait axis (station 5) (124 nM/L) at a depth of 723 m, and the
second one is on the Sakhalin Island shelf slope (station 9) (84.4 nM/L) at a depth of 62 m.
The near-bottom methane anomaly on the axis of the Tatar Trough could be explained by
gas hydrates (location E 141.1619 N 48.21194) found here; their destruction is associated

with the release of methane [74].

Temperature, °C Density Salinity, PSU

10

20 40 60 80 100 20 40 60 80 100

20 40 60 80 100

Section Distance, km Section Distance, km

Section Distance, km

Figure 6. Dissolved methane concentration (a), temperature (b), density (c) and salinity (d) on the
northern zonal Section 1 in the Tatar Strait, cruise LV85, 21-23 May 2019.

A low dissolved methane concentration (10 nM/L) was observed in the offshore part
of the southern Section 2, basically in the deep and bottom layers at stations 13 and 14 of
the LV 85 cruise, as well as within the upper 100 m layer at stations 15 and 16 (Figure 7a). A
high methane concentration zone with a maximum value of 155.6 nM/L was found at the
same Section 2 on the Sakhalin Island shelf slope at a depth of 75 m and 65 m at stations 17
and 18, respectively (Figure 7a). This zone is observed in the total layer from the bottom
up to the seasonal pycnocline (lower boundary of the upper mixed layer) at the 25 m level

(Figures 6b—d and 7b—d).

Temperature, °C Density Salinity. PSU

16

13 14 15 16 17 18

10 20 30 40 50 60
Section Distance, km

10 20 30 40 50 60 10 20 30 40 50 60
Section Distance, km Section Distance, km

0

Figure 7. Dissolved methane concentration (a), temperature (b), density (c) and salinity (d) on the
southern zonal Section 2 in the Tatar Strait, cruise LV85, 21-23 May 2019.

Figures 8 and 9 show the northern and southern sections of the temperature, salinity
and density in the water layer 0-200 m. This scale enables the determination of the seasonal
pycnocline. The temperature (Figures 8a and 9a), salinity (Figures 8b and 9b) and density
(Figures 8c and 9c) sections also indicate the mesoscale eddies mentioned above.
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Figure 8. Temperature (a), salinity (b) and density (c) distribution on northern zonal Section 1 for
cruise LV85 on 21-23 May 2019. The bold line indicates the seasonal pycnocline boundary for the
corresponding season.
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Figure 9. Temperature (a), salinity (b) and density (c) distribution on southern zonal Section 2 for
cruise LV85 on 21-23 May 2019. The bold line indicates the seasonal pycnocline boundary for the
corresponding season.

Significant lithospheric methane sources providing CHy to the bottom waters of
the Tatar Strait are both the degassing of the lithosphere, manifested in the form of gas
emissions in the zone of influence of tectonic faults, and the release of methane during the
destruction of gas hydrates [75,76]. The results of gas-geochemical studies of the Tatar Strait
bottom sediments are presented in [6,15,77]. The sources of gas-geochemical anomalies
in the bottom sediments of the Tatar Strait can be gas-generating sedimentary strata,
metamorphogenic and magmatic gases that characterize the modern tectonic activity of the
research area. The migration of gases along faults creates anomalies in bottom sediments
and, under favorable thermobaric conditions, can lead to the formation of gas hydrate
accumulations. Indicators of gas-fluid manifestations in the Tatar Strait are high-anomaly
concentrations of methane (up to 196,000 ppm) and its homologues in the lower interval
of cores, as well as the accompanying anomalies of carbon dioxide, hydrogen and helium
fixation and the development of hydrocarbon-oxidizing microbial communities [78,79].

The deep fluid is also evidenced by specific microbial communities identified in
the cores of gas-saturated sediments [7]. In gas-geochemical terms, the Tatar Strait is a
continuation of the active zone of lithospheric degassing, volcanism and metamorphism
manifestations within the coastal shelf of the Sea of Japan.

The maximum methane concentrations in bottom sediments were found in the eastern
and northeastern parts of the South Tatar sedimentary basin, as well as along the Sakhalin
Island shelf slope. Elevated methane concentrations in the upper layer of sedimentary rocks
characterize this region as a fluid-conducting hydrocarbon gas emission zone and also
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indicate the presence of large-scale deep sources. The methane source feeding this largest
anomaly in the Tatar Strait (Figure 6a) could also stem from gas hydrate (found earlier in the
bottom sediment layer at the same point E 141.5547; N 48.13583) destruction [6,68,74,77].

The seawater bottom layer in northern Section 1 (station 9), approximately the same
thickness as that of southern Section 2, contains a local maximum methane concentration of
84.4 nM /L. At the same time, the local methane concentration maximums for the northern
section are about two times less than for the southern section (the distance between the
sections is 22 km). Methane is likely to be transported from the Section 2 bottom source
along the shelf to the north by the West Sakhalin Current, which is well expressed in the
warm season [58,59], as shown in Figures 6 and 7. The methane concentration decreases as
it moves away from its source. The seasonal pycnocline significantly prevents the spread of
methane into the upper mixed layer.

Methane enters the marine environment near fluid-conducting geological structures,
where it is spread under the influence of water mixing and is carried by currents. Released
lithospheric CHy enters the seawater bottom layer in the southeastern part of the Tatar
Trough deep area and the Sakhalin Island shelf, where in the warm period, the dissolved
methane is transported by the East Sakhalin Current to the north and been incorporated
into the multiple-scale circulation (Figures 6 and 7).

In the same way, dissolved methane is transported from its any source (including
those in the Korean Strait) by currents almost throughout the Japan Sea. In the Tsushima
basin area, deep-sea drilling revealed methane accumulations in the bottom sediment [79].
Acoustic methods detected blots and a gas-saturated bottom sediment layer with a 90 m
thickness [80]. The authors of [81] describe the signs of the presence of gas hydrates in bot-
tom sediments. The papers [82,83] are devoted to the methane-producing microorganisms
that contribute to the methane debit in this area. In addition, the waters of the East China
Sea, which contain dissolved methane [84,85] enter the Japan (East) Sea (JES) through the
Korean Strait and are incorporated into the JES current system (Figure 1).

During the 54th cruise of the RV “Akademik Oparin” (OP54) in October 2017, CTD
and dissolved methane measurements were made along 134° E from the Yamato Rise to
the continental slope of the Japan Basin (20 oceanographic stations) in the central part of
the Japan (East) Sea. Seawater was sampled with bathometers at various horizons (in the
deep part of the basin up to 13 samples) from the sea bottom layer to the sub-surface layer.

Figure 10 shows the dissolved seawater methane concentration, temperature and
salinity distribution from the surface to the bottom of this meridional section, indicating
the sampling stations on 24-27 October 2017. In its northern part, the section crosses the
Cold Liman (Primorsky) Current, and in the southern part, the section crosses the East
Korean Warm Current (Figure 1) over the Yamato Rise slope.

Stations
20019 18 17 16 15 1 13 110 98 765431

0 8
7
1000
6
=
g 52
= 2000 .
= E
2 45
3000 i E
5
o
5 2
3 4000 H B

134° 136° 138°E

40° 41° 42° 43°N

Figure 10. Meridional section (a) bordered by the red rectangle along 134° E, from measurements
taken during the OP54 cruise in October 2017. The blue dots indicate the sampling stations. Dissolved
methane concentration (b) on the section.
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Low methane concentrations (less than 1.5 nM/L) in the cold subarctic waters of
the Liman (Primorsky) Current were found over the continental slope (Figure 10a) in the
750-1500 m layer (Figure 10b) at northern oceanographic stations 1-6. In the southern part
of this section (stations 18-20 in Figure 10b), the Cold Liman (Primorsky) Current accompa-
nies the Korean Warm Current, where the methane concentration is higher (2.5 nM/L) in
the 750-2000 m layer.

The meridional salinity section in Figure 11b shows the core of the mesoscale anticy-
clonic eddy located in the latitude zone 41°—41.5° N. This quasi-stationary eddy has been
observed in this area before [86,87].

Salinity, PSU
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Figure 11. Temperature (a), salinity (b) and methane concentration (c) meridional sections along
134° E from the Yamato Rise deep slope to the continental slope of the Japan Basin (measurements
taken during the OP54 cruise in October 2017).

Figure 11 shows the temperature (Figure 11a), salinity (Figure 11b) and dissolved
methane concentration (Figure 11c) sections along 134° E (stations 11-20) in the upper
300 m layer, and Figure 12 shows similar sections of the water temperature [87] based on
CTD data obtained during the RV “Professor Khromov” cruise in August 1999 in the frame
of the CREAMS International Project [88].

Salinity, PSU Quasi-isopiclinal layers
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Figure 12. Temperature (a) and salinity (b) meridional sections along 134° E through the mesoscale
anticyclonic eddy, situated in the latitude band 40°-42 N from OP54 CTD measurements in October
2017 (a,b), as well as the quasi-isopycnal layers section (c) in the warm season in 1999 from [87]
and the output of the numerical experiment [88] with the MHI quasi-isopycnal layer circulation
model [89,90] applied to the Japan Sea.

Figure 12c shows the results of the numerical simulation using the MHI layered ocean
circulation model [89,90].
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The average methane concentration in the total water column in the section along
134° N is 4 nM/L. An increased methane concentration (from 5.2 to 8.2 nM/L) is observed
within the main sea pycnocline layer throughout the section, with an increase in the
thickness of this layer marked with jet currents on the southern and northern peripheries
of the section (Figure 11c).

The section in Figure 11c shows two cores of increased methane concentrations. The
first core, with an absolute maximum concentration of 8.2 nM/L in the 25-100 m layer, is
observed in the East Korean Warm Current in the area of 40°—40.5° N (left of Figure 11c).
The second core, with a local CHy maximum of 5.7 nM/L in the same layer, is found in the
Liman (Primorsky) Current in the 42° N area over the continental slope of the Japan Basin
(Figure 11c). In the central part of the mesoscale anticyclonic eddy, the dissolved methane
local maximum of 5.2 nM/L is in the 50-100 m layer.

The anticyclonic eddy was also observed in a similar meridional section along 134° E,
as well as in the zonal section along 41° N, in the summer of 1999 and winter of 2000 during
the R/V Professor Khromov cruises in the frame of the CREAMS International Project led
by Lynn Talley (Scripps Institution of Oceanography, UC San Diego, CA, USA) [91,92].

All the intermediate layers with the local methane maximum described above are
located below the seasonal pycnocline in the layer associated with the absolute maximum
of the gradient current velocity on its vertical profile in both the Liman (Primoskoye)
Current [93] and the East Korean Warm Current [93,94].

The central part of the section and the cyclonic gyre over the Japan Basin meet a
significant decrease in the thickness of this layer and the maximum elevation of the CHy4
isoline (4.5 nM/L) near 41.5° N due to the upward vertical velocity at the periphery of
the anticyclonic eddy and the center of the large-scale cyclonic cycle. Figure 12 shows the
anticyclonic eddy in the temperature and salinity sections based on CTD measurements
taken in October 2017 as well as a section of quasi-isopycnal layer interfaces given in [87]
and simulated in [88] using a layered numerical circulation model developed by N.B.
Shapiro and E.N. Mikhailova [89,90].

On the whole, dissolved methane is spread below the seasonal thermocline within
the layer of maximal current velocity, where it is transported by various scale currents in
the Japan (East) Sea, which is similar to the dissolved methane transport in the Atlantic
sector of South Ocean, including the Bransfield Strait [95], as well as in the subtropical
South Atlantic Current and the cyclonic and anticyclonic mesoscale eddies [47].

The cold cyclonic ring affected by the Malvinas Current is characterized by low
methane concentrations on the one hand, and the warm anticyclonic ring affected by the
Brazil Current carries the core of the local maximum methane concentration below the sea-
sonal pycnocline on the other hand. Along-track SADCP measurements detected velocities
projected to a direction of 120° (East-Southeast), which corresponds to the direction of the
maximum velocity at the periphery of the eddies. This periphery is organized in a form
of two main high-velocity jets. The maximum velocity of the first jet is 84 cm/s, while
the second jet has a maximum velocity of 71 cm/s. The velocities near the centers of the
eddies are much lower and do not exceed 20 cm/s. In the anticyclonic ring, the average
concentrations of methane are lower than in the cyclonic ring. Medium (4.5-6 nM/L) and
high (6-12.9 nM/L) methane concentrations were observed in the 2-200 m layer, while low
concentrations (2.8-4.5 nM/L) were observed between 200 and 500 m layer. Lower methane
concentrations were observed in the central parts of the cyclonic (up to 3.8 nM/L at station
7290) and anticyclonic (up to 2.8 nM/L at station 7286) rings at depths of 200 m and 500 m,
respectively. The maximum concentration of methane (12.9 nM/L) was observed at the
central station of the section between the rings at a depth of 110 m. The local maximum
methane concentration core is located and carried under the seasonal pycnocline in the
70-200 m layer and corresponds to the measured current velocity maximum [47].

The authors of [95] reported CTD and LADCP measurements that were performed in
2022 over water exchange between the deep basins of the Bransfield Strait in the Southern
Ocean during cruise 87 of the RV “Mstislav Keldysh” in 2021-2022. During this cruise,
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the distribution of the gas-geochemical fields of methane in the Bransfield Strait was
studied. The maximum methane concentration (10.95 nM /L) was observed on the slope
of the trough of the Strait near the South Shetland Islands. A core of elevated methane
concentrations having a horizontal scale of about 10 km was found under the seasonal
pycnocline in the 50-200 m water layer. This core corresponds to the measured maximum
current velocity [95] of the Bransfield Strait current that transfers methane-saturated waters
to the east.

5. Conclusions

The main features of methane distribution in both the Tatar Strait and the meridional
section along 134° E from the Yamato Rise to the continental slope of the Japan Basin are
determined.

The Tatar Strait is characterized by a complicated current system and mesoscale eddies
of opposite signs forming over the strait. It has been established that from May to June,
seawater dissolved methane comes from its sources located on the western shelf of Sakhalin
Island and in the deep area near the axis of the Tatar Trough. In the early warm season,
dissolved methane is transported to the north by the West Sakhalin Current over the Tatar
Strait eastern shelf in the layer under the seasonal pycnocline.

The local methane maximum, on its vertical profile in the Cold Liman Current, in the
East Korean Warm Current and the mesoscale anticyclonic eddy at 134° E in the Japan
Basin, is also located under the seasonal pycnocline and spread in a layer of about 50-150 m
in the northwestern Japan (East) Sea.

The incorporation of methane from the lithosphere into the water column has been well
described; however, few studies have been devoted to dissolved methane transport within
currents. The study of methane transport by uniting gas geochemistry and oceanology
is a new way to better understand some geological, biological and ecological issues. The
cooperation of both branches could help to estimate global dissolved methane circulation
and its further emission to the atmosphere. Knowing the way of transport also makes it
easier to find new methane sources.

The deep marginal sea, such as the Japan (East) Sea, is an important component
of the Western Pacific trench arc and basin system, which is sensitive to global climate
changes. The methane released from the seabed caused by various geological processes and
environmental changes is extremely active, which seriously affects the marine environment
and global climate change. Therefore, the Western Pacific marginal seas are a natural
laboratory to study the process of methane release from the seabed and its environmental
effects. In the context of the current global change, the study of methane transport is the
most important distribution factor of greenhouse gas emissions. The origin of the devolved
methane transported by different currents in the Japan (East) Sea is a subject for future
measurements and studies.

This study corresponds to the objectives of the priority projects CREAMS, GEOMIR
(ID 164), the UN Decade of Ocean Sciences for Sustainable Development (2021-2030),
the WESTPAC Working group on the Integrated Study of Gas Hydrates and Methane
Fluxes in the Indo-Pacific Region (CoSGas) and the development of marine research in the
BRICS countries.
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